Introduction
============

Carbon nanotubes (CNTs) are highly versatile materials due to their remarkable mechanical, thermal, and electronic properties. As a result, they have been used for applications across many different technological areas. Among the recently explored applications is the use of CNTs as multifunctional drug carriers. The high aspect ratio of CNTs means that it is possible to attach not only drug molecules but also other compounds that impart desired functionalities.

In the area of oncology, numerous efforts have been made to utilize CNTs to deliver drugs to cancerous cells without affecting the nearby noncancerous cells, thereby reducing the unwanted side effects that are common with conventional chemotherapy.[@b1-ijn-11-1607]--[@b3-ijn-11-1607] Previous study has shown that CNTs due to their nanometer dimensions inherently displayed increased tumor uptake through the leaky tumor vasculature.[@b1-ijn-11-1607] The attachment of CNTs to targeting peptides and antibodies also significantly improved tumor uptake and displayed a higher overall toxicity to tumor cells without harming the normal cells.[@b4-ijn-11-1607]--[@b7-ijn-11-1607] In addition, the conjugation of radionuclides or fluorescent probes allowed the tracking of the drug vehicles for imaging purposes.[@b7-ijn-11-1607],[@b8-ijn-11-1607] The potential of CNTs as drug delivery vehicles has also been demonstrated in other pharmaceutical applications such as the delivery of antifungal drugs, vaccines, and gene therapy.[@b9-ijn-11-1607]--[@b15-ijn-11-1607]

Insulin-dependent diabetes mellitus is an increasingly prevalent multifactorial autoimmune disease in both developing and developed countries.[@b16-ijn-11-1607] It is a chronic condition in which a person suffers from elevated levels of glucose in the body. This may lead to serious medical complications such as retinopathy, neuropathy, nephropathy, and peripheral vascular disease.[@b17-ijn-11-1607] Owing to this, diabetic sufferers are required to administer insulin intravenously several times a day in order to manage their blood glucose levels. To alleviate the inconvenience and trauma associated with intravenous insulin delivery, a multitude of noninvasive delivery methods are investigated intensively in these days.[@b18-ijn-11-1607] The development of new delivery pathways such as buccal, transdermal, or oral routes aims to eliminate long-term mental trauma and physical effects from insulin injections such as muscle hyper- and hypotrophy.[@b18-ijn-11-1607]

Expanding on this, the use of CNTs as a multifunctional insulin carrier may be an interesting prospect to explore. As mentioned earlier, the high aspect ratio of CNTs means that it is possible to attach a variety of compounds that will improve the functionality of the carrier. As an example, for the oral route, CNTs that are used as insulin carriers may be functionalized with mucoadhesives, absorption enhancers, or enzyme inhibitors to help delivering the attached insulin through the gastrointestinal tract.[@b19-ijn-11-1607] CNTs were also used as insulin vehicles in targeted delivery systems to concentrate the dose at specific sites of pharmacological action through the use of sodium glychocholate.[@b18-ijn-11-1607] In short, there are many possible avenues for development with regard to the applications of CNTs as multifunctional insulin carriers.

Despite the multitude of advantages as an insulin carrier, toxicity of CNTs is an impending concern for biomedical applications. The hydrophobic surface and nonbiodegradable nature of CNTs contribute to its agglomeration in cells, which in turn causes acute toxicity.[@b20-ijn-11-1607] In addition, the dimension of the CNTs also plays a role in toxicity as larger CNTs (\>10 µm) are reported to be cytotoxic as they cannot be phagocytized and could cause destruction to plasma membranes in cells.[@b21-ijn-11-1607],[@b22-ijn-11-1607] Conversely, toxicity is significantly reduced in the functionalized form of CNTs, for example, the carboxylated CNTs are readily soluble and dispersible in water, thus they are biocompatible to mammalian cells even at high concentrations (\>100 µg/mL).[@b23-ijn-11-1607]

In this investigation, the conjugation of insulin onto the sidewalls of functionalized single-walled CNTs (SWCNTs) through their esterified carboxylic groups has been attempted. The approach and the mechanism behind the utilization of carboxylic groups on the SWCNT surface for the attachment of amino groups of insulin have been elucidated. Scanning transmission electron microscopy (STEM) and transmission electron microscopy (TEM) imaging were used to visualize the synthesized conjugates of SWCNT--insulin that were purified through dialysis. To estimate the amount of insulin attached to the SWCNT, a bicinchoninic acid (BCA) assay was conducted on the synthesized conjugates and their absorbance was then measured using ultraviolet (UV)--visible spectrophotometer.

Materials and methods
=====================

Preparation of phosphate buffers
--------------------------------

Phosphate buffers of pH 6.0 and 7.6 were prepared by adding 5.7 mL and 42.8 mL of 0.2 M NaOH, respectively, into an aqueous solution of 50 mL of 0.2 M potassium dihydrogen phosphate (KH~2~PO~4~; Merck & Co., Inc., Whitehouse Station, NJ, USA). The mixture was then diluted to 200 mL using ultrapure water obtained from a Millipore Milli-Q device before storing for future use.

Carboxylation of SWCNTs and carbodiimidation of carboxylated SWCNTs using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride and N-hydroxysulfosuccinimide
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

SWCNTs (\>95% purity; Sigma-Aldrich Co., St Louis, MO, USA) with 0.7 nm in diameter and 100 nm in length were functionalized with carboxylic groups by following our previously reported protocol.[@b24-ijn-11-1607] Briefly, SWCNTs were sonicated in an acid mixture for 8 hours. Then, 10 mg of these carboxylated SWCNTs were added into 5 mL of phosphate buffer with pH 6.0. The mixture was sonicated in an ultrasonic bath (Elma TI-H-15, 200 W, 35 kHz) for 2 hours to fully disperse the nanotubes.

Following this, 3 mL of 0.05 M *N*-hydroxysulfosuccinimide (S-NHS; Thermo Fisher Scientific, Waltham, MA, USA) solution was added into the dispersed SWCNT suspension under gentle stirring before the addition of 1 mL of 0.02 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC; Thermo Fisher Scientific) solution. The mixture was then sonicated for 15 minutes and reaction was carried out on an orbital shaker (Unimax 1010, Heidolph, Nuremberg, Germany) for 1 hour at 270 rpm. The mixture was subsequently vacuum filtered through a polyethersulfonate (Sartorius, Goettingen, Germany) membrane using a Buchner funnel. The resulting filter cake, ie, diimide-activated SWCNTs were washed thoroughly to remove the excess EDC and NHS before resuspending it in a pH 7.6 phosphate buffer.

Conjugation of insulin to functionalized SWCNTs
-----------------------------------------------

Ten milligrams of human recombinant zinc insulin (Merck & Co., Inc.) was dissolved in 2 mL of pH 7.6 phosphate buffer. The resuspended diimide-activated SWCNT mixture was sonicated briefly in an ultrasound bath before the quick addition of the insulin solution. The diimide-activated SWCNT--insulin mixture was then left to react for 3 hours on an orbital shaker at 180 rpm. Following this, the mixture was centrifuged at 4,500 rpm for 1 minute to remove the unreacted SWCNTs.

The supernatant was dialyzed using a cellulose membrane tubing (Sigma-Aldrich Co., St Louis, MO, USA) for 4 days to remove the unbound insulin. For the dialysis process, 0.005 M KH~2~PO~4~ buffer was used as dialysate for the first 3 hours before changing to ultrapure water. The dialysate was changed three times a day to maintain the diffusion force across the membrane. Dialysis was conducted between 10°C and 12°C overnight using refrigerant gel packs to minimize the degradation of protein.

BCA protein quantitation assay
------------------------------

All BCA assay studies were conducted using a BCA Protein Assay Kit (Thermo Fisher Scientific), while the absorbance of the reacted samples was measured using a UV--visible spectrophotometer (Perkin Elmer Lambda 35; PerkinElmer Inc., Waltham, MA, USA). The absorbance--concentration calibration curve was generated using bovine serum albumin (BSA) standards (Thermo Fisher Scientific). After adding the reagents from the BCA Protein Assay Kit, the samples were incubated for 30 minutes before measuring the absorbance at 562 nm.

STEM/TEM imaging of insulin-conjugated SWCNT
--------------------------------------------

The conjugated samples were dropped on formvar--carbon-coated copper grids before staining with 3% phosphotungstic acid for 2 minutes. The grids were then left to dry sufficiently before subjecting to TEM (LEO 912AB TEM, Zeiss, Oberkochen, Germany) and STEM (FEI Quanta 650 SEM; Hillsboro, Oregon, USA) imaging.

Results and discussion
======================

Pristine CNTs are inherently insoluble in organic solvents, thus chemical manipulation becomes difficult. The functionalization with carboxylic acid groups helps mitigate this disadvantage by affording the possibility of further chemical derivatization. From our previous report,[@b24-ijn-11-1607] the percentage of carboxylation is 6.58 for every 36.1 mg of CNT. The functionalized carboxylic acid groups on the sidewalls of CNTs were used as a precursor for diimidation to form amide bonds with the amine groups of the insulin. This was achieved through the reaction of carboxylic acid groups with EDC and S-NHS to form an amine-reactive ester group. Similar technique had been successfully employed to attach proteins such as BSA as well as ferritin.[@b25-ijn-11-1607],[@b26-ijn-11-1607] The EDC/S-NHS activation method was preferred due to its high conversion efficiency and excellent biocompatibility, which minimizes any adverse effects on the bioactivity of target molecules.[@b27-ijn-11-1607],[@b28-ijn-11-1607] The reaction pathway for the conjugation of insulin onto SWCNTs is shown in [Figure 1](#f1-ijn-11-1607){ref-type="fig"}.

The human insulin is composed of polypeptide A- and B-chains, with the A-chain consisting of 21 amino acids and the B-chain has 30 amino acids. There are 23 polar residues on the insulin monomer that lie on the insulin surface. From the primary structure of the human insulin, there are three amino groups that are located at A1, B1, and B29 that can be used to form amide bonds with the functionalized SWCNT.[@b29-ijn-11-1607] It should be noted that these three groups are nonessential to the bioactivity of insulin and thus would not impact the inherent bioactivity of the protein.[@b30-ijn-11-1607]

As seen in [Figure 1](#f1-ijn-11-1607){ref-type="fig"}, the EDC reacts with the -COOH groups on the SWCNT defect sites to form an amine-reactive *O*-acylisourea intermediate. However, this intermediate is unstable and can easily be hydrolyzed to regenerate the same carboxylic groups. The addition of S-NHS helps to increase the stability and coupling efficiency by reacting with the *O*-acylisourea groups to form amine-reactive NHS-ester groups which can be stable for hours.[@b27-ijn-11-1607] The latter can then be used to react with amine groups of the insulin molecule to form stable amide cross-links. The result is a stable covalent bond between the functionalized SWCNT and the target insulin molecule.

The addition of insulin to the SWCNT buffer mixture also seems to aid in the solubility of SWCNTs in salt buffers. The functionalized SWCNTs are soluble in water for 45 days[@b24-ijn-11-1607] and typically not soluble in phosphate buffers that settle to the base of the reaction chamber over time. This is likely due to the heavy concentration of salt that may interfere with the deprotonation of the carboxylic groups. It is hypothesized that the addition of insulin, which is readily soluble at phosphate buffers of high pH, negates this effect, thereby allowing the solubilization of the SWCNTs. In addition, the presence of abundance of amine groups in insulin could have formed a weak hydrogen bond with water and phosphate buffers, which aids further solubilization of SWCNTs. This effect was noticed from the formation of a dark homogeneous solution and was stable up to the tested period of 5 months.

To remove any unbound insulin after the reaction, the reaction mixture was subjected to a dialysis process for 4 days. During dialysis, a serial dilution of the dialysate (10× dilutions) was made after each buffer change. This is to prevent a sharp increase in the osmotic pressure, which may cause the dialysate to enter and rupture the cellulose membrane tubing. In addition, the dialysate was stirred using magnetic stirring to increase the dialysis rate. The dialysis was conducted at a lower temperature (\~8°C--10°C) overnight to minimize the protein degradation.

STEM and TEM imaging were conducted on pure insulin and insulin-conjugated SWCNTs to visualize and to confirm the attachment of insulin to the SWCNT surface. As insulin is nonconductive and would therefore be invisible under electron microscope imaging, it is necessary to first stain the samples with 3% phosphotungstic acid before imaging. STEM images of pure insulin ([Figure 2](#f2-ijn-11-1607){ref-type="fig"}) shows that the particle size of insulin is in the region of 80--200 nm. The images, in general, also confirm that the insulin proteins spread evenly within the phosphate buffer.

A comparison of the STEM images of insulin with the insulin-conjugated SWCNT confirms the affinity and attachment of insulin on the sidewalls of functionalized and diimide-activated SWCNTs ([Figure 3](#f3-ijn-11-1607){ref-type="fig"}), while the relatively dispersed pure insulin can be seen in [Figure 2](#f2-ijn-11-1607){ref-type="fig"}. For a higher resolution image of the conjugation of insulin onto individual CNTs, TEM imaging was conducted using the same staining method.

The TEM images of pure insulin as shown in [Figure 3A and B](#f3-ijn-11-1607){ref-type="fig"} confirm that the insulin molecules are approximately 80--200 nm in size. The image depicts the natural spherical conformation of the insulin molecule in acidic conditions, while the dark color is a result of the phosphotungstic acid stain enveloping the insulin molecule. Based on the comparison of the TEM images of insulin and insulin-conjugated SWCNTs, it can be clearly seen that the insulin molecules have conjugated onto the surface of individual CNTs.

It is also important to determine the amount of insulin molecules that were conjugated onto the functionalized and diimide-activated SWCNTs. For this, the purified SWCNT--insulin samples were analyzed using a BCA protein quantitation assay. In this assay, the BCA chelates with the Cu+ ions that have been reduced by the insulin molecules to effect a color change from light green to dark purple. The magnitude of the color change from the BCA--Cu+ product has been found to strongly correlate with the actual amount or concentration of insulin present in the SWCNT--insulin sample. Before measuring the BCA absorbance, an absorbance--concentration calibration curve was plotted using the absorbance measurements from BSA standards. The absorbance--concentration curve as shown in [Figure 4A](#f4-ijn-11-1607){ref-type="fig"} was then used to determine the protein concentration of the samples from the measured absorbance at 562 nm.

In this study, four samples were analyzed: pure insulin, SWCNT--insulin before dialysis, 2 days dialysated SWCNT--insulin, and 4 days dialysated SWCNT--insulin. The measured absorbance curves for all the aforementioned four samples are shown in [Figure 4B](#f4-ijn-11-1607){ref-type="fig"}. The peak absorbance values at 562 nm were then used to estimate the protein concentration of the samples using the calibration curve ([Figure 4A](#f4-ijn-11-1607){ref-type="fig"}), and the corresponding results are shown in [Table 1](#t1-ijn-11-1607){ref-type="table"}.

The observed protein quantitation results show that the concentration of pure insulin was 1.95 mg/mL. The result is in agreement with the theoretical value of 2 mg/mL. The overall protein concentration of the SWCNT--insulin samples before dialysis reduced to 1.90 mg/mL after the centrifugation process that was carried out to remove the unreacted SWCNTs. Following the dialysis for 2 days, the insulin concentration further decreased to 0.49 mg/mL. The rate of insulin diffusion was only reduced to 0.42 mg/mL even after dialysis for a further 2 days. It is thus safe to assume that most of the unbound insulin had been removed from the SWCNT--insulin solution. Based on this, for each milligram of diimide-activated SWCNT, \~0.42 mg of insulin was conjugated. Therefore, the number of insulin molecules attached per milligram of diimide-activated SWCNT is 4.3×10^16^. It should be noted that as the unbound insulin purification might not be complete, the actual amount of conjugated insulin should be slightly lower than the amount reported for samples after 4 days of dialysis.

If necessary, there are few possible methods that can be used to control the conjugation efficiency and hence the amount of insulin that could be attached onto the sidewalls of SWCNT. For example, the number of carboxylic groups on the functionalized SWCNTs can be controlled during the functionalization process. In addition, the ionic strength of the buffer used during the conjugation of insulin onto the sidewalls of SWCNT may also have an effect on the amount of attached insulin,[@b28-ijn-11-1607] where the adjustment of ionic strength could be performed by varying the pH of the buffer used in the amidation process.

Conclusion
==========

Insulin was successfully conjugated on the surface of functionalized SWCNTs through the formation of amide bonds with the esterified carboxylic groups. The unbound insulin was largely removed through dialysis using cellulose membrane tubing. The addition of insulin aided in the solubility of the SWCNTs in phosphate buffer that might enhance its biocompatibility. STEM and TEM images showed the clear attachment of insulin onto the surface of SWCNTs. From the BCA assay, it was found that \~0.42 mg of insulin was conjugated for every 1 mg of carboxylated and diimide-activated SWCNTs. The results of this study represent an interesting first step toward the potential use of SWCNT as insulin carriers and the high aspect ratio of SWCNTs may allow the conjugation of other molecules such as mucoadhesives, enzyme inhibitors, or absorption enhancers and thus SWCNTs could be used as multifunctional insulin carriers.
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![Reaction pathway for the formation of insulin-conjugated SWCNT.\
**Abbreviations:** EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; S-NHS, *N*-hydroxysulfosuccinimide; SWCNT, single-walled carbon nanotube.](ijn-11-1607Fig1){#f1-ijn-11-1607}

![STEM images of pure insulin and insulin-conjugated SWCNTs.\
**Notes:** STEM images of insulin stained with phosphotungstic acid with (**A**) lower and (**B**) higher magnification. STEM images of insulin-conjugated SWCNTs stained with phosphotungstic acid with (**C**) lower and (**D**) higher magnification.\
**Abbreviations:** STEM, scanning transmission electron microscopy; SWCNTs, single-walled carbon nanotubes.](ijn-11-1607Fig2){#f2-ijn-11-1607}

![TEM images of pure insulin and insulin-conjugated SWCNTs.\
**Notes:** (**A**) and (**B**) TEM images of insulin stained with 3% phosphotungstic acid at different magnifications. (**C**--**F**) TEM images of insulin-conjugated SWCNTs stained with phosphotungstic acid at various magnifications.\
**Abbreviations:** TEM, transmission electron microscopy; SWCNTs, single-walled carbon nanotubes.](ijn-11-1607Fig3){#f3-ijn-11-1607}

![Calibration curves of insulin and estimation of insulin content in SWCNTs after dialysis.\
**Notes:** (**A**) Absorbance--protein concentration response curve obtained using BSA standards, and absorbance was measured at a wavelength of 562 nm. (**B**) UV--visible absorbance measurements of the samples using BCA assay of (a) pure insulin, (b) SWCNT--insulin before dialysis, (c) 2 days dialysated SWCNT--insulin, (d) 4 days dialysated SWCNT--insulin.\
**Abbreviations:** BCA, bicinchoninic acid; BSA, bovine serum albumin; SWCNT, single-walled carbon nanotube; UV, ultraviolet.](ijn-11-1607Fig4){#f4-ijn-11-1607}

###### 

Insulin concentration estimated from BCA assay using different samples

  Samples                            Insulin concentration (mg/mL)
  ---------------------------------- -------------------------------
  Pure insulin                       1.95
  SWCNT insulin before dialysis      1.90
  2 days dialysated SWCNT--insulin   0.49
  4 days dialysated SWCNT--insulin   0.42

**Abbreviations:** BCA, bicinchoninic acid; SWCNT, single-walled carbon nanotube.
